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ABSTRACT 


A convenient  method  of  oreDarint  conoounds  in  the  system  WO.  F is 

3-x  x 

described  and  the  ohotoelectrolvtic  behavior  of  ’70.  and  WO.  F anodes 

j-x  3-x  x 

has  been  investigated.  It  was  found  that  the  substitution  of  snail  amounts 
of  fluorine  for  oxygen  in  '70  ^ does  not  affect  adversely  its  ohotoelectrolvtic 
behavior.  Moreover,  substituted  fluorine  increases  the  stability  of  electrodes 
of  W03  when  used  for  the  photoelectrolysis  of  water. 
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INTRODUCTION 


There  has  been  considerable  interest  recently  in  the  search  for  stable 

electrode  materials  for  use  in  photoelectrolysis.  This  process  is  one  in 

which  water  is  decomposed  into  hydrogen  and  oxygen  when  a suitable  semiconductor , 

placed  in  an  electrochemical  cell,  is  illuminated  with  energy  greater  than 

the  band  gap,  creating  electron-hole  pairs!*  Under  appropriate  conditions, 

these  electron-hole  pairs  can  be  separated  and  used  as  oxidizing  and  reducing 
2 

species . 

The  requirements  of  such  a stable  electrode  material  are  indeed  stringent. 

The  material  must  be  chemically  inert  and  should  have  a band  man  that 
utilizes  an  optimum  of  the  solar  spectrum  (s.1.6  eV).  In  addition,  the 
semiconductor  must  be  conducting  and  when  placed  in  an  electrolyte  it  should 
have  sufficient  band  bending  to  separate  the  photogenerated  electron-hole 
pairs.  The  position  of  bands  relative  to  the  electrochemical  scale  must 
he  such  that  oxidation  of  0"/0o  and  reduction  of  can  take  place. 

The  degree  of  band  bending  and  the  position  of  the  hands  can  be  controlled 
to  some  degree  by  varying  the  pH  of  the  electrolyte  used  in  the  cell  and  by 
the  application  of  an  external  bias.  It  is  known  that  the  conductivity  of  such 
materials  can  be  altered  by  chemical  substitution  or  doping  procedures.  Therefore, 
the  properties  which  are  most  difficult  to  control  and,  thus,  more  critical 
are  the  magnitude  of  the  band  gap  and  the  material's  chemical  stability. 

To  date,  the  only  materials  which  have  been  used  successfully  have  been 
broad  band  oxides.  These  oxides  were  made  conductive  by  removing  small 

amounts  of  oxygen.  Tince  there  is  some  question  as  to  the  long  term  stability 
of  these  defect  structures  in  a highly  oxidising  environment  it  was  of 
interest  to  compare  the  relative  stability  of  defect  oxides  to  those  of  oxvfluoridcs . 
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The  use  of  Y'O  as  a stable  electrode  in  photoelectrolysis  has  been 


icated 


3 

resorted  by  several  investigators.  Butler,  et.  al  have  ir.di< 

that  WO  is  an  n-type  seniccnductor  with  a band  ran  of  2.7  e'?.  Experiments 

performed  with  single  crvstals  in  a 1.0M  sodium  acetate  solution  showed 

spontaneous  photocurrent  (i.e.  no  applied  bias)  with  no  decay  in  photocurrent 

or  visible  deterioration  of  the  electrode  surface  even  after  passage  of 

2 

approximated'/  75  coulombs /cm" . They  indicated  that  an  appreciable  applied 

bias  was  necessary  before  ohotcdecomposition  of  water  was  observed,  nodes, 

,9 


et.  al 


is"  results  with  polycrystalline  films  of  "O^  prepared 


by  either  the  oxidation  of  tungsten  metal  films  or  the  decomposition  of 

ammonium  tungstate.  Harcee  and  Bard^  have  prepared  W0„  films  by  three 

o 

different  methods.  Unlihe  Modes,  et.  al,  they  found  that  the  films  prepared  by 

the  oxidation  of  the  metal  were  not  stable  on  repeated  cycling  cf  the  electrode. 

Unfortunately,  the  electrode  surfaces  were  doeo  blue  rat. per  than  yellow-green. 

This  color  difference  is  indicative  of  either  reduced  WO^  or  hydrogen  bronzes 

of  the  type  H W0„. 

J x o 

It  was  therefore  desirable  to  examine  more  closely  the  photcelectrolytic 

behavior  of  VJO_  for  various  amounts  of  x.  It  was  also  of  interest  to 
3-x 

determine  the  effect  on  stability  of  substituting  fluorine  for  oxygen  in 
WO-j , rather  than  creating  defects. 


EXPERIMENTAL 

Tungsten  oxide  was  prepared  by  heating  high  nurity  (99.99?;)  tungsten 
foil  (0.010")  under  flowing  oxygen  for  29  hours  at  1000°C.  Defect  tungsten 
oxide  films  were  made  bv  heating  the  W0^  samples  in  evacuated  sealed  silica  tubes 
in  the  presence  of  freshly  ground  titanium  at  temperatures  of  100°C  to  900°C  ;cr 


- 3 - 


2 to  24  hours  . 

A convenient  r.ethod  for  substituting  fluorine  has  been  used  to  synthesize 

nembers  of  the  svstem  W0„  F . In  this  process  the  freshlv  oxidized  "0,,  was 

3-x  x '3 

placed  on  a pure  tungsten  foil  which  sits  in  a tungsten  boat.  The  boat  was 
then  placed  in  one  zone  of  a two  zone  furnace.  It  was  determined  that  the 
optimum  temperature  of  this  reaction  zone  should  be  650°C.  Potassium  biflucrice 
was  placed  in  a nickel  boat  and  inserted  in  the  second  zone  of  the  furnace. 

This  zone  was  maintained  at  400°C  which  was  sufficient  to  allow  for  a slov; 
thermal  decomposition  of  the  KHF„.  Variation  in  the  fluorine  content  v;as 
achieved  by  varying  the  temperature  of  the  reaction  zone.  The  entire  reaction 
chamber  consisted  of  a nickel  tube  with  stainless  steel  Swarelok  fittings 
welded  to  both  ends. 


. ns  reaction  tune  was  purged  initially  with  argon  at  room  temperature. 


After  30  minutes  the  gas  flow  was  stopped  and  the  temperature  of  the  two 
zones  was  raised  to  operating  conditions.  It  was  found  that  uniform 
samples  were  made  under  these  static  conditions.  After  4 hours  the 
reaction  tube  was  removed  from  the  furnace  and  flushed  again  with  argon  until 
room  temperature  was  achieved.  Turing  the  purging  procedures  the  argon  was 
bubbled  through  a 9M  ilaOH  solution.  All  reactions  were  carried  out  in  a well 
ventilated  hood. 

The  crystal  structures  of  all  of  the  samples  were  determined  from  powder 
x-ray  diffraction  spectra  using  either  MgO  or  CaO  as  an  internal  standard. 

The  scans  were  taken  with  a Philips  b'orclco  Diffractometer , using  CuKa  radiation 
(1.5405A)  at  a rat’  of  1/4°  20  min  ^ . 

Pesistivitv  measurements  were  made  hv  ultrasonicallv  soldering  indium  lends 


op.  the  -olvcrvstniiine  samples  and  using  the  standard  feur-orobe  van  dor  Piuw 


’cr.nisue  . 


Optical  band  gap  measurements  were  made  bv  making  Y.?v  windows 


which  contained  finely  -Tound  oxide  or  oxvfluoride  intimately  mixed  and  the 
absorption  spectra  were  taken  on  a Cary  14  spectrophotometer . 

Photoelectrolytic  measurements  -were  made  by  first  soldering  an  oxide  or 
oxvfluoride  sample  to  a Pt  ’wire  which  was  sealed  in  a pyrex  tube.  All  but  the 
face  of  the  film  was  then  coated  with  an  electrically  insulating  resin 
(Miccrostop , Michigan  Chrome  and  Chem.  Co.).  The  electrode  was  then  placed 
in  a silica  cell  which  was  filled  with  0.2’!  sodium  acetate.  A platinized 
Pt  foil  with  approximately  5 times  the  geometrical  surface  area  of  the  oxide 
and  oxvfluoride  films  was  used  as  the  counter  electrode.  The  electrodes  were 
illuminated  by  either  the  full  output  of  a 150— *7  Xenon  lame  or  the  output  of 
a Model  7155  monochromator  (Oriel  Corporation).  Absolute  light  intensity 
measurements  were  made  using  a Pyroelectric  Radiometer  (Model  P.K  34^0,  Laser 
Precision  Corn.).  The  current  vs  wavelength  curves  were  corrected  for 
intensity  variations  bv  normalizing  the  spectral  outnut  of  the  lamp-mono- 
chromator  system  to  440  nm  and  using  the  resulting  values  to  correct  the 
measured  photccurrents.  All  measurements  were  made  with  the  electrolyte 
in  eauilibriun  with  air. 

Stability  against  reoxidation  was  determined  by  heating  the  films  in  a 
stream  of  flowing  oxygen  at  a rate  of  100°C/hr  to  1000°C  and  the  weight  change 
monitored  with  a Cnhn  Electrobalanco. 

Analysis  for  fluorine  in  the  L'O^  F samples  was  made  by  dissolving  aorroxi- 
matcly  0.2 r of  the  samples  in  0 !1  !!a0!!,  ad'justinr  the  pH  to  5.5  with  a sodium 
acetate/acetic  acid  buffer  and  measuring  the  fluoride  ion  concentration  using 
a fluorine  specific  electrode  (Model  94-09,  Orion  Research,  Inc.).  By  the  use  of 
a specific  electrode,  F ion  concentrations  of  24  yg. /liter  could  be  determined 
with  a reproducibility  of  * 2' . From  the  woirht  of  the  samples  analyzed,  the 


value  of  x in  the  F samples  can  he  reported  with  an  accuracy  cruivalent 

3-x  x 

» 0.CC02. 


to 
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RESULTS  AND  DISCUSSION 

1.  Crystallography 

There  have  been  conflicting  reports  concerning  the  structure  of  pure 
W03<  13-15  It  was  found  that  WO^  prepared  by  oxidizing  completely  tungsten 
foil  could  best  be  indexed  on  a triclinic  system  similar  to  the  one  reported 

S 0 

by  Roth  and  Waring.  It  transforms  to  a monoclinic  phase  upon  the  removal 

17 

of  small  amounts  of  oxygen  or  the  addition  of  small  amounts  of  hydrogen 

■ • 13 

or  sodium. 

Whereas  the  system  W03_x  (0<xsl)  is  moncclinic  throughout  the  entire 

17 

range  . the  system  WO-  F (0<xjl)  undergoes  the  following  transitions: 

J 3-x  x 

19  20 

triclinic  ■*  nonoclinic  -*>  orthorhombic  -*■  tetragonal  -*■  cubic.  w’“  The 

structural  properties  of  the  WO^  prepared  in  this  study  are  summarized 
in  Table  I.  It  can  be  seen  that  the  structure  remains  triclinic  for  very  small 
(x=0.0079)  amounts  of  substituted  fluorine  in  the  system  WO  F . When  the 

J -X  X 

amount  of  substituted  fluorine  is  x= 0.0177  the  structure  has  under  rone  the 
transition  to  the  nonoclinic  phase  and  when  x=0.0663  the  resulting  phase 
is  orthorhombic.  These  are  consistent  with  results  of  previous  investigators. 


2 . Resin t ivity  and  Optical  Properties 

The  resistivity  of  the  pure  WO^  nannies  were  between  10'  and  105  fi-cm. 

4 -1 

The  resistivities  of  the  W0._  samples  ranged  between  1.2x10  iR-cm  - 7x10  E-cm 

3-x 

and  the  resistivities  of  th<’  WO„  F samples  ranged  between  100  <R-cm  - 5 fl-cn. 

3-x  x 


Absorption  measurements  indicated  that  the  band  gap  of  WO^  and  all  WO3  F 


This  is  consistent  with  previous  investigations  • 


3,9,21,2: 


A 


samples  was  3.05  t 0.10  >*V. 
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3 . Photoelectrolvtic  Prorertics 

In  Figure  1 are  clotted  the  photocurrents  vs  applied  voltage  (3CE  reference) 

for  several  V/0,  sannles.  Measurer, er.ts  were  made  with  the  electrolvte  in 
3-x 

eouilibriun  with  air.  As  can  be  seen  the  largest  nhotocurrent  is  reached 
for  the  WO  sample  having  tne  lowest  resistance,  with  the  photocurrents 

o -X 

of  the  remaining  samples  decreasing  as  the  resistance  i~ creases.  These 
results  are  consistent  with  the  only  effect  being  a change  in  the  overall 
cell  resistance. 

The  nhotocurrents  for  two  triclinic  sannles  of  WO,  F are  shown  vs. 

3-:<  x 

apnlied  bias  in  Figure  2,  the  measurements  being  made  with  the  electrolyte 
in  equilibrium  with  air.  Although  photocurrents  were  observed  for  all  of 
the  tungsten  oxyfluorides  studied , the  noncclinic  and  orthorhombic  compositions 
(x^O.0177)  show  more  complex  behavior. 

The  snectral  resDonse  of  the  VO,  F sannles  shown  in  Figure  3 were  obtained 

o-x  x 

with  an  applied  bias  of  0.5V.  The  nhotocurrents  plotted  here  were  normalised 
for  clarity  by  taking  the  ratio  of  the  nhotocurrent  at  a given  wavelength  to 

the  maximum  nhotocurrent  obtained  (i.e.  at  400  nm).  The  actual  nhotocurrents 

o n 

at  400  nm  are  for  x = 0.0070  1=16. 06pA/cm'  and  for  x = 0.0033  I=6.07uA/cm~ . 

The  colors  of  the  materials  varied  from  a light  green  fer  the  x=0.Q070  sample 

to  darker  green  for  the  x=0.0033  sample 


4.  Stability 


Stability  of  the  W0,  ir.d  W0,  F sannles  was 
3-x  3-x  x 

-roceduros : Stability  against  reoxidation,  stahili 


investigated 
tv  against  hy 


by  three 
irolvsis  or 


dissolution,  and  stability  in  a work in-  cell  arrangement 


figure  4 shovs  the  results  of  the  reoxidaticn  experiments.  It  can  he  seen 

that  while  readily  "“oxidizes  at  25,3-3hC°,7 , the  '70 ^ _ 7 cattle  vi. 

j— x x 


was 


to  600°0 , imply  ir."  an  increased  t tab  ill  tv  to  reoxidaticn. 


It  is  also  clear  that  the  thermal  gravimetric  data  shovm  in  figure  4 
indicates  that  the  composition  of  the  cxvflucride  samples  prepared  in  this 


studv  can  he  represented  hv  the  formula  W0_  7 . If  the  composition  of  the 

o-x  x 


samples  was  of  the  stoichiometry  h'O^  _^F  _,  then  there  would  have  teen  a 


gain  in  weight  recorded  eeuivalent  to  the  value  of  x-y.  It  can  be  seen 
from  Figure  u that  the  sensitivitv  cf  this  method  is  such  that  values  of  x 


vhere  values  of  x are  less  than  0.01. 

Hydrolysis  and  dissolution  experiments  '..'ere  made  hv  mincing  samples 


of  '.I0_  and  t'O  7 in  0.2M  K„fO.  and  leaving  these  at  JC0,7  "cr  352  hours. 
3-x  3-x  x 24 


"either  sample  snowed  any  hvdrolysis  cr  dissolution. 

7, tab ilitv  in  a 'working  ceil,  with  the  electrolvte  in  equilibrium  with 
air,  was  determined  by  biasing  the  electrode  at  3.5  volts  with  respect  to  the 
platinum  cathode,  illuminating  then  with  the  full  output  of  a 150  watt  Xenon  lamp 
and  monitoring  the  changes  in  photocurrcnt  with  time.  It  was  found  that  while 


the  slightly  "educed  U0_  films  gave  stable  photocurrents , the  more  reduced 

3-x 


samples  were  less  stable.  The  nost  reduced  sample  ( xW) . 03 ) was  vorv  unstable 

with  t'ne  photocurrcnt  decreasing  by  30°i  over  a period  of  3 hours.  Thi 

10 


-4.  O 


consistent  with  the  results  found  hv  Hardee  and  ward  .’ 


Cn  the  other  hand. 


the  triclinic  mmol-  s of  HO  7 gave  ;tahl“  photocurrents  of  2m/cm"  for 

3 -x  x 


■‘•rio  is  up  to  45  hours  C'»700  coulombs).  In  addition,  there  was  no  significant 
weight  loss  and  no  visible  change  on  the  surface  ot  the  ••lectredos  . 


. ■ 
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CONCLUSIONS 

The  D'notoelectrolvtic  behavior  of  VO,  ar.d  '•0,  F has  been  investigated. 

3-x  3-x  x 

It  was  found  that  substituting  fluorine  for  oxygen  in  VO,,  in  snail  anounts, 

does  not  affect  adversely  the  nhotoelectrolvtic  behavior  of  NO^  but  increases 

the  stability  of  the  conoound  when  used  as  an  electrode  for  photoelectrolysis 

of  water.  A safe  and  easily  controlled  method  of  nreoaring  VO,  F was 

j-x  x 

described . 
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Fipure  1 


Figure  2 


Figure  3 


FIGURE  CAPTIOUS 


Photocurrent  vs  aoolied  bias  for  several  V.'CL  nannies 

in  0.2M  UaC-H.O  (pH=7.3).  "X 

2 3 2 


Photocurrent  vs  anplied  bias  for  several  V'0_  F _ 
sarnoles  in  0.2M  (pr!=7.3). 
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